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INTRODUCTION 


The  mediation  of  electron-transfer  reactions  between  transition-metal  redox 

centers  by  organic  bridging  ligands  has  received  a  great  deal  of  attention  over 

the  last  twenty  years  or  so.^  An  increasingly  detailed  picture  has  emerged  of  the 

various  structural  and  electronic  factors  that  underlie  the  substantial  variations 

in  reactivity  that  result  from  altering  the  nature  of  the  bridging  ligand  as  well 

as  the  metal  ions.  Valuable  insights  into  the  reaction  energetics  have  been 

obtained  with  the  advent  of  rate  measurements  for  intramolecular  electron  transfer 

within  binuclear  complexes . ^  ^  Studies  of  intramolecular  reactivities  have  the 

crucial  virtue  of  providing  direct  information  on  the  energetics  of  the  elementary 

electron-transfer  step  for  geometrically  well-defined  systems.  They  also  avoid 

the  uncertainties  associated  with  precursor  complex  formation  that  are  inherent 

in  the  treatment  of  bimolecular  electron-transfer  processes. 

A  key  question  that  has  been  addressed  in  these  studies  is  the  degree  to 

which  efficient  electronic  coupling,  and  hence  the  electron  tunneling  probability 

is  influenced  by  the  donor-acceptor  separation  between  them  and  the 

structure  of  the  intervening  organic  bridge. lf,g  The  information  gathered  so  far 

indicates  that  adiabatic  pathways  0<el  ~  1)  require  the  presence  of  a  fully  conjugated 

bridge,  markedly  nonadiabatic  pathways  (k^  <<  1)  being  encountered  upon  the 

introduction  of  saturated  linkages . ^ ,g 

Such  electronic  factors  might  also  be  anticipated  to  have  a  major  influence 

upon  the  kinetics  of  electron-transfer  processes  at  metal-electrolyte  interfaces. 

Although  most  of  the  concepts  and  theoretical  relations  which  have  been  developed 

directly  for  solution  redox  processes  can  be  transposed  directly  to  the  heterogeneous 

case,  one  difference  is  that  metal  surfaces  provide  an  effective  continuum  of 

electronic  states.  This  has  led  to  the  assertion  that  electrochemical  reactions 

2 

should  generally  be  adiabatic.  Unfortunately,  despite  the  practical  and  fundamental 
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importance  of  electrochemical  processes  the  pertinent  experimental  data  with  which 
to  examine  such  fundamental  questions  has  largely  been  lacking. 


We  have  recently  been  examining  simple  one-electron  electrochemical  reactions 

involving  transition-metal  reactants  that  bind  to  metal  surfaces  via  one  or  more 
3 

bridging  ligands.  Systems  were  selected  that  are  sufficiently  strongly  adsorbed 

to  enable  unimolecular  rate  constants,  k  ,  to  be  obtained  for  the  elementary 

electron-transfer  step  involving  the  surface-attached  reactant.  Such  reactions 

can  be  perceived  as  involving  "surface  intramolecular"  electron  transfer  since 

they  are  entirely  analogous  to  redox  processes  involving  binuclear  metal  complexes, 

the  metal  surface  being  substituted  for  one  of  the  redox  centers.  Despite  the 

recent  widespread  interest  in  the  electrochemistry  of  surface-attached  molecules, 

virtually  no  kinetics  data  has  been  gathered  previously  for  such  systems. 

3d  b 

In  parts  I  and  II  of  this  series,  ’  we  examined  in  detail  the  electroreduction 

kinetics  of  various  Co(III)  and  Cr(III)  complexes  adsorbed  via  halide  and  pseudohalide 

bridging  ligands  at  platinum,  gold,  mercury,  and  silver  surfaces.  Comparisons  were 

made  between  values  of  kgt  determined  for  a  given  bridging  ligand  at  different  metal 

3 

surfaces  and  with  estimates  of  k  for  the  corresponding  outer-sphere  processes. 

These  results  demonstrate  that  the  alteration  in  the  electron-transfer  barrier 
brought  about  by  surface  attachment  is  sensitive  both  to  the  chemical  nature  of 
the  bridge  and  the  metal  surface. 

Similar  strategies  can  usefully  be  followed  for  examining  the  factors 

influencing  the  mediation  of  heterogeneous  electron-transfer  processes  by  extended 

organic  ligands.  Thus  it  is  desirable  to  select  organic  ligands  containing 

a  remote  "lead-in"  group  capable  of  binding  strongly  to  metal  surfaces  in  addition 

to  having  a  convenient  coordination  site  for  a  metal  redox  center.  We  have  recently 

examined  pyrazine,  4, 4' -bipyridine  and  related  ligands  as  bridging  groups  for 

A 

pentaamminecobalt(III)  reduction  at  mercury,  platinum  and  gold  surfaces.  While 

several  of  these  ligands  are  detectably  adsorbed  and  yield  facile  inner-sphere 

pathways,  nitrogen  typically  appears  to  be  only  a  mediocre  surface  lead-in  group 

4 

so  that  direct  measuements  of  k^  are  largely  precluded.  Notably  stronger  surface 
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coordination  is  provided  by  sulfur  atoms  having  an  available  lone  pair,  reflecting 

the  "soft  acceptor"  properties  of  metal  surfaces.^ 

Such  considerations  led  us  to  select  for  further  study  the  reduction  of  a 

series  of  pentaanminecobalt(III)  complexes  containing  various  thiophenecarboxylate 

2+ 

and  related  ligands,  CoCNH^L  (Fig.  1).  Each  of  the  ligands  L  has  a  five- 

membered  heterocyclic  ring  containing  a  sulfur  atom,  Co(III)  being  coordinated  to  a 

carboxylate  group  which  is  bound  to  the  ring  via  a  variety  of  carbon  linkages  (Fig.  1) . 

The  redox  center  can  therefore  be  linked  to  the  electrode  surface  by  a  varying  number 

of  conjugated  and/or  saturated  bonds.  The  homogeneous  inner-sphere  reductions 

6 

of  closely  related  carboxylate  complexes  have  also  been  studied  extensively.  An 

important  virtue  of  these  systems  is  that  they  are  closely  related  to  the  bipyridine- 

bridged  homogeneous  intramolecular  reactions  featuring  Co(lII)  reduction  that  have 

Id  f  h 

received  extensive  recent  scutiny.  ’  The  detailed  comparisons  of  rate 
parameters  that  can  be  made  for  reactants  with  systematically  varying  bridging 
ligand  structures  largely  circumvents  the  lack  of  redox  thermodynamic  information 
resulting  from  the  chemical  irreversibility  of  the  Co(III)/(II)  couple. 

Although  the  heterocyclic  sulfur  is  only  weakly  basic, ^  sufficiently  strong 
adsorption  of  the  thiophene  complexes  typically  occurs  to  enable  their  electro¬ 
reduction  kinetics  within  the  adsorbed  state  to  be  obtained  directly  by  using 
rapid  linear  sweep  voltammetry.  Such  measurements  at  mercury,  gold,  and  copper 
surfaces  are  described  here,  along  with  corresponding  adsorption  data  at  mercury 
electrodes.  Electrochemical  kinetics  data  are  also  reported  for  several  related 

Co(III)  carboxylates ,  along  with  kinetics  data  for  the  homogeneous  outer-sphere 

2+ 

reduction  of  the  thiophene-  and  related  carboxylate  complexes  by  Ru(NH^)6 
Taken  together,  the  results  demonstrate  the  role  of  bond  conjugation  in  promoting 
heterogeneous  electron  transfer  via  extended  organic  bridges. 
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EXPERIMENTAL 

Materials 

Eight  of  the  nine  thiophenecarboxylate  ligands  and  all  three  furoate  ligands  used 
here  (Fig.  1)  were  obtained  from  Aldrich  Co.  2-Thiophenepropionic  acid  was  prepared  by 
hydrogenation  of  2-thiopheneacrylic  acid  over  a  5%  palladium -activated  carbon 
catalyst  in  ether  solution  at  room  temperature  under  130  p.s.i.  hydrogen  pressure. 
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Its  structure  was  verified  by  mass  spectrometry  and  nmr.  The  mass  spectrum  (70  e.v.) 
has  a  parent  peak  at  m/e  =  156;  the  nmr  (CDCl^,  25°C)  has  6  2.73  (t,  2H) ,  3.16 
(t,  2H) ,  6.83  (s,  1H),  6.90  (t,  1H) ,  7.10  (d,  1H) ,  8.05  (s,  1H)  (relative  to  TMS) . 

The  general  procedure  used  to  synthesize  the  various  carboxylatopentaaranine- 
cobalt(III)  complexes  involved  a  modification  of  that  described  in  ref.  6a.  Typically 
20  mmoles  of  the  organic  acid  with  10  aZ  of  1.75  M  NaOH  was  heated  at  80°C  for  10 
min.,  and  then  filtered.  To  the  filtrate  was  added  1.0  g  of  aquopentaamminecobalt(IIl) 
perchlorate  in  2  m£  of  hot  water.  The  mixture  was  kept  at  55°C  with  stirring  for 
4 B  hr  in  an  oil  bath.  The  solution  was  then  cooled  to  room  temperature  and  added 
to  a  larger  separatory  funnel  containing  5  m£  of  water,  2.0  mi  of  9  M  HCIO^  and  150  m£ 
of  ether.  After  shaking  the  funnel  for  5  min.,  the  ether  layer  was  decanted  and  the 
aqueous  layer  extracted  with  another  two  150  mt  aliquots  of  ether.  10  mi  of  9  M  HCIO^ 
was  added  to  the  aqueous  solution  and  the  solution  cooled  to  -10°C.  The  precipitated 
complexes  were  purified  chromatographically  using  Biogel  P-2  (Biorad  Corp) ,  eluting 
with  water,  and  then  recrystallized  from  water  as  the  perchlorate  salts.  The 
purity  of  the  resulting  compounds  was  verified  by  microanalysis.  These  were 
performed  by  the  Microanalytical  Laboratory  at  Purdue  University.  Percentages  of 
N,  C,  S,  and  H  agreed  within  0.4%  of  the  expected  values. 

The  sodium  perchlorate  supporting  electrolyte  was  obtained  either  from  G.  F. 

Smith  or  prepared  from  sodium  carbonate  and  perchloric  acid,  and  twice  recrystallized 
from  water.  All  solutions  were  prepared  using  water  that  was  purified  by  double 
distillation  from  alkaline  permanganate. 


Electrochemical  and  Homogeneous  Kinetics  Measurements 

Apparent  electrochemical  rate  constants,  k  ,  for  the  overall  reduction  of  the 
r  app’ 

Co(III)  complexes  were  determined  at  mercury,  gold,  and  copper  electrodes  by  using 
normal  pulse  polarography  as  described  in  refs.  4  and  8.  Bulk  reactant  concentrations, 
C^,  from  0.1  -  1  mM  were  typically  employed.  Rotating  disk  voltammetry  was  additionally 

4 

used  to  determine  at  the  solid  surfaces,  A  dropping  mercury  electrode  (dme) 
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having  a  mechanically  controlled  drop  time  of  2  secs  was  used  to  determine  k^ 

at  mercury.  The  gold  and  copper  electrodes  were  of  a  rotating  disk  construction,  and 

were  mechanically  polished  with  0.3  pm  alumina  on  a  polishing  wheel  immediately  before 

use.  Rate  constants,  k  ,  for  reduction  of  the  adsorbed  Co(III)  complexes  were 

3b  9 

obtained  by  means  of  rapid  linear  sweep  voltammetry.  ’  [As  for  the  reduction 

of  diffusing  Co(III)  reactant,  no  corrections  for  anodic  back  reactions  were  required 

4  10 

since  the  cobalt  complexes  rapidly  dissociate  upon  reduction.  *  ]  These  measurements 
utilized  a  hanging  mercury  drop  or  stationary  gold  or  copper  electrodes.  Potential 
sweeps  were  made  by  means  of  a  PAR  173  potentiostat  and  a  PAR  175  potential  programmer, 
and  the  current-potential  transients  recorded  with  a  Nicolet  Explorer  I  oscilloscope 
coupled  to  a  Houston  2000  X-Y  recorder.  The  data  analysis  method  is  described  in 
the  Results  section. 

This  technique  was  also  employed  to  determine  the  extent  of  adsorption  at  the 
initial  potential.  However,  more  extensive  information  on  the  adsorption  thermo¬ 
dynamics  at  hanging  mercury  drop  electrodes  was  obtained  using  single-step  chronocoulo- 

mitry.  A  microcomputer-controlled  data  acquisition  and  analysis  system  was  used  for 
4 

these  measurements.  Initial  potentials  between  ca.  200  and  0  mV  vs  see  were 
employed,  with  between  ca.  0.01  and  1  mM.  Chronocoulometric  potential  steps  were 
selected  so  that  the  final  potential  was  sufficiently  negative  (usually  beyond  -500  mV 
vs  see)  so  to  minimize  complicat ions  from  adsorption  of  the  thiophene  ligands  set 
free  upon  Co(TII)  reduction. ^  ^ 


Rate  constants,  k^,  for  the  homogenous  reduction  of  the  Co(III)  complexes  by 

Ru(NH^)^2+  were  determined  using  a  polarographic  method.  This  entailed  monitoring 

2+ 

the  concentration  of  Ru(NH-),  as  a  function  of  time  from  the  d.c.  polarographic 

J  o 

2+ 

current  for  RuCNlI^)^  electrooxidation  following  the  addition  of  an  excess  of  the 

2+ 

Co(III)  oxidant.  Typically  the  initial  RuCNH^)^  concentration  was  ca.  1  mM,  and 
the  Co(III)  concentrations  was  10  mM  so  that  the  reaction  kinetics  were  approximately 
pseudo  first  order.  Mixtures  of  sodium  trif luoroacetate  and  trif luoroacetic  acid 

(5-20  mM)  were  employed  as  the  background  electrolyte,  having  a  total  concentration  of 

2*4"  3+ 

0.05  M.  The  Ru(NH^)^  reactant  was  generated  from  Ru(NH^)^  by  electroreduction 

of  2  m£  solution  in  trifluoroacetate  media  at  a  stirred  mercury  pool  at  -600  mV 

vs  see.  The  homogeneous  reaction  was  initiated  by  injecting  2  m£  of  a  deaerated 

solution  of  the  desired  Co(III)  complex. 

1+ 

The  Ru(NH^) g  solution  was  prepared  from  Ru(NH.j)  &  •  Cl^  (Matthey  Bishop), 

purified  as  described  in  ref.  14.  The  Co(III)  solution  was  prepared  by  dissolving 

the  solid  perchlorate  salt  in  water  and  eluting  through  an  anion  exchange  column 

(BioRad  AG1-X10)  charged  with  trifluoroacetate  ions  in  order  to  remove  the  oxidizing 

perchlorate  ions.  The  polarographic  current  was  monitored  at  a  potential  (usually 

2+ 

100  mV  vs  see)  where  the  Ru(NHj)g  electroxidation  is  diffusion  controlled,  and  yet 

Co(III)  electroduction  occurs  at  a  negligible  rate  so  that  the  observed  current  is 

2+ 

directly  proportional  to  the  remaining  Ru(NH^)^  concentration  in  homogeneous  solution. 

The  half  lives  of  the  present  reactions  are  typically  15-60  minutes.  This  technique 

2+ 

was  found  to  yield  essentially  identical  rate  constants  for  the  Co(NH^)^0Ac 

Ru(NH^)£^+  reaction  (OAc  ■  acetate)  as  obtained  by  the  conventional  spectrophotometric 

.  .  14 

method. 

All  electrode  potentials  are  quoted  with  respect  to  the  saturated  calomel  electrode 
(see).  All  kinetics  and  adsorption  measurements  were  made  at  24  ±  0.5°C. 
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RESULTS 

Normal  pulse  polarography  of  the  nine  thiophenepentaamminecobalt (III)  complexes 

(I-IX,  Fig.  1)  at  the  dme  in  0.1  H  NaClO^  each  yielded  a  single  reduction  wave  within 

the  potential  region  ca.  50  to  -200  mV,  which  was  pH  independent  in  the  range  pH  2-7. 

Chronocoulometric  measurements  indicated  that  most  of  these  complexes  are  strongly 

adsorbed,  at  least  in  the  potential  region  200  to  0  mV  where  little  or  no  cathodic 

current  flowed.  Generally,  at  a  given  bulk  concentration,  C,  ,  the  adsorbate  surface 

b 

concentration,  T,  decreased  gradually  as  the  potential  was  mede  more  negative.  A 

-11  -2 

saturation  value  of  r,  T  ,  around  8  to  12  x  10  mol  cm  s  obtained  for 

s 

sufficiently  strongly  adsorbed  complexes  from  the  limiting  gateau  region 

12 

of  the  adsorption  isotherm.  Values  of  the  "adsorption  .  ..  ient," 


sufficiently  less  than  so  that  T  a  C^,  are  listed  for  each  adsorbate  in  Table  I. 
This  quantity  equals  the  equilibrium  constant  for  forming  the  "precursor  state"  from 
the  bulk  reactant  (vide  infra) .  (Although  to  an  extent  arbitrary,  the  value  0  mV 
vs  see  was  chosen  as  a  common  potential  for  the  comparison  of  the  adsorption  and 
various  kinetic  data  gathered  in  Table  I  in  order  to  minimize  the  extent  of  data 
extrapolation  that  was  necessarily  involved.) 

Fast  linear  sweep  voltammograms  for  the  reduction  of  these  adsorbed  complexes 
exhibited  symmetrical  peaks  in  the  potential  region  ca.  -100  to  -300  mV.  A  typical 
series  of  voltammograms  obtained  with  sweep  rates  of  5,  10,  20,  50,  and  100  V  sec-1  is 
shown  in  Fig.  2,  The  adsorbate  surface  concentration,  I\,  at  the  initial  potential 
can  be  found  simply  from  the  charge  density,  q^,  contained  under  the  voltammetric  peak 
using  rt  =  q^/F,  providing  that  sufficiently  dilute  bulk  reactant  concentrations 
(ca.  50  pM)  and  rapid  sweep  rates  (^  5  V  sec  ^)  were  employed  so  that  the  faradaic 
current  was  due  almost  entirely  to  reduction  of  initially  adsorbed,  rather  than 
diffusing,  reactant.  This  circumstance  was  confirmed  by  the  independence  of  q^ 

to  the  sweep  rate.  (On  this  basis  only  the  volt amnog ram  in  Fig.  2  obtained  at 
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5  V  sec  ^  contains  a  ^ igniixcant  contribution  from  the  diffusing  reactant.)  Good 

agreement  was  generally  obtained  for  values  of  obtained  using  linear  sweep  voltammetry 

and  chronocoulometry .  In  one  respect,  the  latter  technique  is  of  broader  applicability 

- 11  -2 

since  relatively  accurate  values  of  (within  ca.  1  to  2  x  10  mole  cm  )  can  be 

obtained  even  for  bulk  concentrations  up  to  a  few  millimolar.  However,  we  have 

found  single-step  chronocoulometry  to  be  of  little  utility  at  several  solid  surfaces 

3  9 

for  monitoring  transition-metal  adsorption  induced  by  inorganic  ligands.  ’  Similar 

difficulties  were  encountered  with  the  present  complexes  at  gold  and  copper  electrodes. 

Nevertheless,  the  thiophenecarboxylate  complexes  were  sufficiently  strongly  adsorbed 

at  these  surfaces  to  enable  their  adsorption  to  be  determined  by  rapid  linear  sweep 

voltammetry.  Adsorption  measurements  using  the  latter  technique  were  also  attempted 

at  silver  and  platinum  surfaces,  but  were  thwarted  by  the  onset  of  silver  dissolution 

and/or  the  lack  of  well-defined  voltammograms . 

Rate  parameters  for  the  reduction  of  adsorbed  Co(IIl)  complexes  were  obtained 

£ 

from  the  linear  sweep  voltammograms  as  follows.  Unimolecular  rate  constants,  k  , 

E 

corresponding  to  a  series  of  reactant  surface  concentrations,  F  ,  and  electrode 

potentials,  E,  were  obtained  at  various  points  on  a  given  voltammetric  wave  by 
9  12  E  EE  E 

using  the  relation  ’  k  .  =  i./FF  ,  where  i,.  is  the  faradaic  current  density  at  that 
°  et  f  r  f 

E 

potential.  The  values  of  i^  were  obtained  by  subtracting  the  nonfaradaic  background 
current,  estimated  by  interpolating  the  current  baseline  on  either  side  of  the 
voltammetric  wave,  from  the  total  current?*5^’11  The  corresponding  values  of  :‘E  were 
obtained  from  the  faradaic  charge  density  required  to  reduce  the  adsorbate  remaining  at 
that  point.  The  potential  dependence  o.  kgt  at  each  value  of  F  ,  expressed  as  a 
transfer  coefficient  a  [«  -(RT/F)  (31nk  /3E)  ^,] ,  was  determined  from  the  corresponding 
slope  of  a  plot  of  the  voltammetric  peak  potential  against  log  v,  for  variation  in 
the  sweep  rate,  v,  between  10  and  10h  V  sec 

Values  of  k  ,  evaluated  for  E  =  0  mV  vs  see,  along  with  the  corresponding 
values  of  c*  resulting  from  this  analysis  are  listed  in  Table  I.  These  rate  parameters 
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at  mercury  electrodes  were  determined  for  values  of  in  the  range  ca.  1  to  5  x  10~^ 

_2 

mol  cm  .  The  values  of  k  were  found  to  be  essentially  independent  of  under 

these  conditions;  i.e.  the  kinetics  were  approximately  first  order  in  the  adsorbed 

reactant.  Less  straightforward  behavior  was  encountered  at  gold  and  copper  surfaces 

where  the  derived  values  of  were  found  to  depend  on  as  well  as  potential. 

This  behavior  appears  to  be  typical  at  polycrystalline  solid  surfaces,  and  is  associated 

3  9 

with  linear  sweep  voltammetric  peaks  that  are  unexpectedly  broad.  '  Nevertheless, 
the  values  of  o  obtained  from  the  dependence  of  the  voltammetric  peak  potentials 
upon  scan  rate  were  consistently  similar,  ca.  0.6,  to  those  observed  at  mercury 
(Table  I)  so  that  relative  values  of  k  for  almost  all  these  sytems  will  be  largely 
independent  of  the  electrode  potential  chosen  for  comparison.  Consequently, 


approximate  values  of  k  obtained  at  gold  and  copper  surfaces  for  0  mV  (Table  1) 

were  obtained  by  extrapolating  the  values  obtained  for  potentials  in  the  vicinity 

of  the  voltammetric  peak  currents  using  these  values  of  a  .  Since  the  values  of  k 

were  somewhat  dependent  upon  the  reactant  surface  concentration,  the  approximate 

values  of  f  at  which  the  listed  value  of  k  .  was  determined  is  also  given  (in  units 
r  e  c 

11  -2 

of  10  mol  cm  )  alongside  in  parentheses  in  Table  I.  All  the  values  of  k  determined 
at  mercury,  gold  and  copper  surfaces  were  found  to  be  essentially  independent  of  pH 
in  the  region  2-7. 

Table  I  also  contains  indirectly  determined  ("estimated")  values  of  k  ,  k  , 

J  et’  et 

for  reduction  of  the  thiophenecarboxy late  complexes  at  mercury.  These  were  obtained 

from  the  apparent  rate  constants,  k  ,  (i.e.  those  obtained  for  the  overall  electro- 

app’ 

chemical  reaction)  extracted  from  the  normal  pulse  polarograms  at  0  mV  together  with 

the  corresponding  adsorption  coefficients,  K  ,  obtained  from  chronocouloraetry ,  by 
3  17 

using  the  relation  ’ 


est 

et 


k  /K 
app  p 


(1) 
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Since  the  values  of  k  given  in  Table  I  were  obtained  for  a  bulk  reactant  con- 

app 

centration  C,  of  0.8  mM,  the  values  of  K  used  were  those  derived  from  the  relation 
b  P 

-2  -7  -3 

K  (cm)  =  T_  0  (mol  cm  )/8  x  10  (mol  cm  )#  where  Q  is  the  surface  reactant 

p  U.o  U.O 

concentration  at  0  mV  corresponding  to  this  bulk  concentration.  (For  a  few  reactions 

in  Table  I,  somewhat  smaller  bulk  reactant  concentrations  are  involved  due  to  the 

occurrence  of  significant  reactant  diffusion  polarization  at  0  mV.)  The  corresponding 
est 

values  of  kfit  and  k  in  Table  I  are  in  reasonable  agreement,  thereby  confirming 

the  applicability  of  the  preequilibrium  model  upon  which  Eq.  (1)  is  based. ^ 

Table  I  also  lists  values  of  k  ^  at  gold,  also  for  =  0.8  mM,  determined 

using  normal  pulse  polarography  and  rotating  disk  voltammetry.  Reaction  orders, 

obtained  using  the  latter  technique  by  monitoring  the  response  of  the  voltammetric 

19 

current  to  variations  in  the  rotation  speed,  were  typically  close  to  zero. 

est 

Corresponding  estimates  of  k  are  not  given  in  Table  I  since  sufficiently  accurate 

values  of  K  were  not  obtained. 

P 

Apparent  rate  constants  were  also  obtained  at  mercury  electrodes  for  three 

furan  analogs,  X,  XI,  and  XII,  of  the  thiophene  complexes  I,  VI,  and  V,  respectively 

(Fig.  1).  Values  of  k  for  X,  XI,  and  XII  equal  to  2.2  x  10  ,  1.3  x  lO-^, 

app  ’  * 

-3  -1 

and  1.1  x  10  sec  ,  respectively,  were  obtained  in  0.1  M  NaClO^  +  5  mM  HClO^  at 

0  mV.  Note  that  these  rate  constants  are  ca.  3-  to  10-fold  smaller  than  those  for 

the  corresponding  thiophene  complexes  (Table  I).  In  contrast  to  the  thiophenes,  the 

adsorption  of  these  furan  complexes  could  not  be  detected  at  mercury  electrodes,  so 

H  "“5 

that  only  an  upper  limit  for  K^,  <  1  x  10  cm,  could  be  established. 

A  summary  of  rate  constants,  kRu»  for  the  homogeneous  reduction  of  the  thiophene 

2+  2+ 

and  several  related  carboxylate  complexes,  CoOJHj^L  ,  by  Ru^H^)^  is  given  in 
Table  II.  The  values  of  kR^  were  found  to  be  essentially  acid  independent  for  [H+]  c 


DISCUSSION 


The  electrochemical  reduction  data  for  the  various  Co(III)  thiophene  complexes 

at  mercury  electrodes  given  in  Table  I  display  a  marked  sensitivity  to  the  structure 

of  the  bridging  thiophene  ligand.  In  particular,  the  addition  of  one  or  more  CH^ 

groups  between  the  thiophene  ring  and  the  carboxylate  group  results  in  substantially 

(10  to  20-fold)  smaller  values  of  k  (Table  I).  Nevertheless,  the  presence  of  an 

ethylenic  linkage  in  the  carboxylate  side  chain  (compound  V) ,  thereby  maintaining 

bond  conjugation  between  the  carboxylate  and  thiophene  groups,  yields  a  value  of 

k  (45  sec  *■)  slightly  larger  than  those  for  the  2-  and  3-thiophenecarboxylates 

(I,  VI;  25  and  20  sec  ,  respectively).  The  absence  of  detectable  adsorption  for 

the  furan  analogs  confirms  the  expectation  that  the  thiophene  complexes  are  indeed 

bound  to  the  surface  via  the  heterosulfur  atom. 

It  therefore  appears  that  the  presence  of  bond  conjugation  between  the  thiophene 

sulfur  and  carboxylate  oxygens  that  are  bound  to  the  mercury  surface 

and  Co(III) ,  respectively,  noticably  facilitates  heterogeneous  electron  transfer  to 

the  cobalt  center.  (Note  that  the  thiophene  ring  itself  possesses  considerable 

aromatic  character  as  a  result  of  donation  of  a  sulfur  lone  pair  to  the  ft-electron 
20 

ring  system.  )  These  findings  bear  a  close  resemblance  to  some  recent  results  for 

electron  mediation  within  some  binuclear  complexes.  Thus  Taube  and  coworkers 

found  that  the  interposition  of  a  CH^  group  between  the  pyridyl  rings  in  4 ,4 '-bipyridine 

slowed  by  ca.  20-fold  the  intramolecular  electron-transfer  rate  between  Co(IIl)  and 

Ru(II)  centers  bound  to  the  ring  nitrogens. Also,  interposing  an  ethylenic 

linkage  between  the  aromatic  rings  diminishes  kgt  by  only  ca.  2-fold,  whereas  k 

for  the  corresponding  ethane  derivative  is  ca.  20-fold  smaller ,2f*S>21  Nevertheless, 

as  for  the  present  systems,  the  addition  of  a.  second  CHg  group  bas  little  further 

influence  upon  k  .  ^ore  marked  decreases  in  k  have  been  observed  for  the 

et  et 

intramolecular  reduction  of  carboxylatopentamminecobalt(III)  by  a  nitrobenzoato 

22 

radical  upon  the  interposition  of  saturated  linkages. 
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These  rate  variations  are  reasonably  ascribed,  at  least  in  part,  to  decreases 
in  the  electronic  coupling  between  the  redox  centers  brought  about  by  an  interruption 
of  the  it  -electron  delocalization  within  the  bridging  group.  Such  diminished  electronic 
coupling  would  seem  most  likly  to  affect  k  via  decreases  in  the  probability  of 
electron  tunneling,  ic  once  the  appropriate  nuclear  configuration  of  the  reactants 
has  been  attained  (i.e.  to  increasingly  nonadiabatic  pathways).  Such  a  conclusion  has 
indeed  been  made  for  the  homogeneous  systems  on  this  basis^  Several  other  factors 
may  nevertheless  be  responsible  for  such  rate  variations,  as  now  will  be  considered. 

According  to  contemporary  treatments  of  electron  transfer,  the  measured  unimolecular 
rate  constant  can  be  expressed  as  ’  ’ 


k 


et 


<  ,v  exp(-AG*  /RT) 
el  n  r  et 


(2a) 


where 


AC*  =  AG*  +  a  [F(E-E°>  +  RT(lnK  -  InK  )]  (2b) 

et  Inc  et  p  s 


Equation  (2a)  relates  the  rate  constant  for  the  elementary  electron-transfer  step,  kgt, 

to  the  free  energy  of  reorganization,  AG*t>  where  is  the  nuclear  frequency  factor 

for  this  step,  ca.  lx  10^  sec  ^ ^  In  Eq.  (2b),  AG*t  is  divided  into  a  so-called 

"intrinsic"  component,  AG*nJ.,  and  a  "thermodynamic"  component  given  within  the 

brackets;  E°  is  the  standard  potential  for  the  redox  couple  involved,  and  and  Kg 

are  the  equilibrium  constants  for  forming  the  precursor  and  successor  ground  states 

24 

from  the  bulk  reactant  and  product,  respectively.  An  identical  relationship  applies 
to  homogeneous  redox  processes,  only  with  the  homogeneous  free  energy  driving  force, 
-AG°,  replacing  F(E-E°).  The  intrinsic  barrier  AG*^  is  the  free  energy  barrier  that 
would  remain  if  the  free  energy  driving  force  for  the  elementary  step  equalled  zero; 
the  component  of  this  latter  term,  RT(K  -K  ) ,  in  Eq.  (2b)  corrects  for  any  changes 

p  3 

in  the  driving  force  for  the  overall  reaction,  F(E-E°) ,  resulting  from  binding  the 
reactant  to  the  electrode  surface. 
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Variations  in  k  caused  by  structural  alterations  in  the  organic  bridging 

ligand  may  arise  from  changes  in  E°»  and  (InK  -lnKg)  as  well  as  in  k^. 

Although  E°  for  the  present  Co(III)/(II)  couples  cannot  be  determined  due  to  the 

substitution  lability  and  instability  of  Co(II),  any  significant  variations  in  E° 

2+ 

and  also  in  AG*  _  within  a  series  of  Co(NH0),L  complexes  can  be  detected  by  examining 
int  J  j 

2-4- 

the  relative  rates  of  reduction  using  RuCNHj)^  .  This  is  because  for  such  outer- 

sphere  reactions  structural  variations  in  L  may  influence  k  only  through  inductive 

effects  at  the  cobalt  redox  center,  thereby  altering  E°  and  possibly  AG*^.  The 

remaining  terms  in  Eq.  (2),  K^,  and  <e^>  should  remain  approximately  constant  since 

the  carboxylate  group  L  should  not  be  involved  directly  in  electron  mediation. 

2+ 

Inspection  of  the  rate  constants  for  Ru(NH^)^  reduction,  k^,  given  in  Table  II 
reveals  that  only  minor  (5  3-fold)  differences  in  k  are  seen  between  the  various 
Co(III)  thiophene  complexes.  Morever,  no  significant  differences  in  are  seen 
between  those  thiophene  or  furan  complexes  featuring  ligand  conjugation  and  those 

containing  methylene  linkages  in  the  side  chain.  These  data  are  also  presented  in 

Ac  Ac 

Table  II  as  rate  ratios,  k^/k^y  »  with  respect  to  the  rate  constant,  k^,  for  the 

■?+  2+ 

AuCNH^)^”  reduction  of  the  acetate  complex  CoCNH^^OAc  .  Corresponding  rate  ratios 

for  Cr(Oh.,),2+  reduction,  k„  /k^C ,  obtained  from  literature  data,  are  also  listed  in 

Table  II.  Although  these  latter  data  refer  to  inner-sphere  pathways  featuring  binding 

Ac 

of  Cr(II)  to  the  carbonyl  oxygen,  the  values  of  k  /k  display  a  similar  insensitivity 

V#t  Vrft 

to  the  nature  of  the  carboxylate  ligand.  (Note  that  the  thiophene  ring  and  carbon 
linkage  assume  a  pendant  position  for  Cr(II)  reduction,  rather  than  directly  linking 
the  doaor  and  acceptor  sites  as  in  the  heterogeneous  inner-sphere  pathways.) 


These  results  therefore  suggest  that  the  observed  sensitivity  of  k  for  Co(III) 

thiophene  reduction  at  mercury  to  the  bridging  ligand  structure  is  due  to  variations 

in  k  and/or  the  "surface  thermodynamic"  term  (InK  -InK  )  rather  than  to  variations  in 
6  x  p  S 

E°  or  AG*nt .  Although  values  of  Kg  are  unknown  in  view  of  the  instability  of  the  Co(Il) 

successor  state,  the  likely  dependence  of  (InK  -InK  )  upon  the  bridging  ligand  structure 

p  s 
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can  be  deduced  from  the  corresponding  measured  variations  in  (Table  I) .  It  is 

seen  that  is  ca.  3  to  10  fold  smaller  for  the  conjugated  thiophenes  than  for  those 

containing  one  or  more  groups  between  the  ring  and  carboxylate  groups.  These 

differences  can  be  understood  in  terms  of  electron  withdrawal  from  the  sulfur  atom 

by  Co(III).  Such  electron  polarization  will  be  aided  by  bond  conjugation,  giving 

rise  to  weaker  sulfur-mercury  binding  and  thereby  accounting  for  the  smaller  values 

of  K  for  these  systems  (Table  I).  Quantitatively  similar,  yet  milder,  variations  in  K 
P  s 

would  be  expected  in  view  of  the  smaller  charge  and  weaker  coordinate  binding  with 

Co(II)  .  Since  these  variations  in  Kg  are  liable  to  partly  cancel  those  in  K^,  a 

reasonable  upper  limit  to  the  variations  in  (lnK^-lnJO  with  bridging  ligand  structure 

is  provided  by  the  variations  in  InK  themselves.  In  view  of  Eq.  (2),  since 

P 

a  =  0.6  (Table  I),  to  entirely  account  for  the  observed  ca.  20-fold  variations  in 

terms  of  this  "thermodynamic"  contribution  would  require  at  least  40-fold  variations 

in  Kp,  clearly  much  larger  than  are  observed. 

We  therefore  deduce  that  the  smaller  values  of  k  at  mercury  electrodes  resulting 

from  interruption  of  bond  conjugation  in  the  organic  mediating  group  are 

due  predominantly  to  decreases  in  the  electronic  transmission  coefficient  <  ,  rather 

el 

than  to  increases  in  the  reorganization  energy  AG*t  [Eq.  (2)].  Support  for  this 

conclusion  is  obtained  from  the  corresponding  activation 

parameters.  Approximate  estimates  of  K  .v  were  extracted 

el  n 

from  the  measured  Arrhenius  frequency  factors  for  several  of  the 

Co(III)  thiophene  reactants  at  mercury  by  correcting  for  the  entropic  driving  force. 

The  resulting  values  of  Kelvn.  labelled  Aet,  for  one  conjugated  and  three  nonconjugated 

Co(III)  thiophene  reactants,  taken  from  ref.  25,  are  also  given  in  Table  I.  Note  that 

12  -1 

A  for  the  conjugated  reactant  V,  ca.  2  x  10  sec  ,  is  close  to  that  expected 
et 

(lx  1013  sec-1)  if  <el  <v  l,25  The  corresponding  values  of  Agt  for  the  three 


25,26 
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2  3 

nonconjugated  reactants  II-IV,  are  10  -  10  fold  smaller,  mirroring  the  corresponding 

smaller  values  of  k  for  these  latter  reactants  (Table  I) ,  as  expected  if  these  rate 
decreases  are  due  predominantly  to  decreases  in  k^. 

Further  insight  into  the  factors  influencing  electron  mediation  by  the  bridging 
ligands  can  be  obtained  by  comparing  the  observed  values  of  k  (sec  with  those 


obtained  for  structurally  related  reactants  following  outer-sphere  pathways 

be  e 
3a,  17 


3a 


Such  values  of  k  can  be  estimated  from  the  work-corrected  outer-sphere  rate 


constants  kos  using 
corr 


et 


k°S  /6r 
corr 


(3) 


where  6r  is  the  effective  thickness  of  the  "reaction  zone"  adjacent  to  the  electrode 

surface  which  forms  the  effective  outer-sphere  precursor  state. ^ 

Values  of  k  ^  corresponding  to  outer-sphere  pathways  are  unknown  for  the  Co(IIl) 

thiophene  complexes.  The  furan  analogs  (Fig.  1,  Table  II)  also  appear  to  react  via 

"ring-mediated"  pathways  on  the  basis  of  the  values  of  ^app  that  are  only  marginally 

(ca.  3  to  10  fold)  less  than  those  for  the  Co(III)  thiophenes  (Table  I).  However, 

2+ 

Co(NH^)^0Ac  provides  a  suitable  reactant  likely  to  react  via  an  outer-sphere  pathway 

since  it  lacks  a  suitable  surface  binding  group.  Moreover,  the  rate  constant  for 

reduction  of  this  complex  by  Ri^NH^)^*  is  virtually  the  same  as  those  for  the  Co(III) 

thiophenes  (Table  II),  so  that  the  outer-sphere  electrochemical  pathways  should  have 

similarly  close  values  of  k  From  the  experimental  value  of  kos  for  Co(NH„) „0Ac~ 

et  corr  35 

reduction  at  0  mV  at  mercury,  1  x  10  ^  cm  sec  * and  assuming  that  5r  *v  2ft, ^  from 
Eq.  (3)  k  'v  50  sec  ^  at  0  mV.  Although  this  estimate  of  k  may  be  as  much  as  2  to 

CL  Gb 

3-fold  in  error,  it  is  Interesting  to  note  that  it  is  similar  to  the  values  of  k 

et 

for  the  conjugated  Co(III)  thiophenes  (30-50  sec  ^)  but  substantially  larger  than  those 
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for  the  nonconjugated  reactants  (2-2.5  sec  ^)  (Tables  I,  II).  [The  very  large  rate 
Ac 

ratios  k  /k  listed  in  Table  II  can  therefore  be  accounted  for  in  terms  of  differences 
app  app 

in  precursor  stabilities  between  the  inner-  and  outer-sphere  pathways.]  This  therefore 
suggests  that  binding  th~  latter  reactants  to  the  electrode  surface  constrains  them  to 
react  via  a  less  favorable,  presumably  more  nonadiabatic  (smaller  <  ),  pathway  than 

is  available  to  either  the  unadsorbed  reactant  or  Co(III)  bound  to  the  surface  via 
a  conjugated  organic  bridge. 

When  the  "conduction  pathway"  provided  by  the  organic  bridge  is  sufficiently 
inefficient,  electron  transfer  may  take  place  instead  by  direct  "through  space" 
overlap  between  the  surface  and  the  Co (III)  acceptor  orbitals.  The  availability  of 
!  such  a  pathway  has  been  suggested  to  explain  the  relative  insensitivity  of  k  to 

21a 

the  presence  of  additional  CH^  groups  in  some  homogeneous  intramolecular  systems. 

The  similar  insensitivity  observed  here  (Table  I)  suggests  that  the  present  systems 

resort  to  such  a  non-mediated  pathways  once  the  more  facile  transport  route  via 

the  organic  ligand  is  sufficiently  hindered.  It  is  perhaps  surprising  that  the  outer- 

sphere  pathway  followed  by  the  acetate  complex  exhibits  a  larger  value  of  ket  than 

for  the  surface-bound  nonconjugated  complexes  given  that  several  of  the  latter 

reactants  should  be  sufficiently  flexible  to  allow  the  Co(III)  center  to  approach 

closely  to  the  electrode  surface.  One  possibility  is  that  such  conformations  are 

relatively  unfavorable,  yielding  smaller  effective  frequency  factors  and  hence 

smaller  values  of  k  .  However,  further  speculation  is  unwarranted  in  lieu  of  more 
et 

definitive  structural  information. 

The  relative  imprecision  and  incompleteness  of  the  rate  data  obtained  at  gold 

i 

and  copper  surfaces  preclude  such  detailed  analyses.  Nonetheless,  significant 
differences  are  found  in  the  values  of  k  measured  for  each  reaction  at  mercury, 
gold,  and  copper  electrodes;  generally  these  lie  in  the  sequence  Hg  S  Au  >  Cu. 


1 


16 


A  notable  feature  at  gold  Is  that  only  small  differences  in  k  are  seen  between  the 

et 

conjugated-  and  noncon jugated-bridged  reactants.  This  suggests  that  a  reaction 
pathway  is  available  at  this  surface,  possibly  involving  direct  surface-Co(III) 
orbital  overlap,  where  bridging  ligand  conjugation  is  no  longer  especially  advantageous. 
Differences  in  reactant  orientation  may  be  responsible.  However,  the  significantly 
smaller  values  of  k  at  gold  and  especially  copper  surfaces  are  somewhat  surprising 
on  this  basis.  The  origin  of  these  substrate  effects  upon  k  may  well  lie  partly 
in  differences  in  the  "surface  thermodynamic"  contribution  (lnK^-lnl^),  to 
AG*t  [ Eq .  (2)].  Indeed  such  differences  are  not  unexpected  in  view  of  the  extremely 
strong  binding  of  the  thiophene  ligands  at  gold  and  copper;  the  strength  of 

5 

coordinate  surface  bonding  is  expected  to  increase  in  the  sequence  Hg  <  Au  <  Cu. 

However,  quantitative  treatments  are  precluded  in  the  absence  of  quantitative 
information  on  the  adsorption  thermodynamics  at  the  solid  surfaces. 

CONCH  SIONS 

It  is  apparent  that  the  energetics  of  organic-bridged  electron  transfer  at  metal 

surfaces  can  depend  significantly  on  the  nature  and  extent  of  the  electronic  coupling 

between  the  redox  center  and  the  electrode.  These  interactions  are  noticeably 

dependent  upon  the  structure  of  the  organic  bridging  group  and  the  metal  substrate 

composition  as  well  as  upon  the  nature  of  the  redox  center  and  its  immediate 

2 

enviro:unent .  In  contrast  to  earlier  expectations,  the  present 
results  indicate  that  nonadiabatic ity ,  at  least  for  electron 

transfer  th rough  extended  organic  bridges,  may  be  as  common  as  it  appears  to  be  for 

such  processes  in  homogeneous  solution.  The  outer-sphere  electroreduction  of 

CrCC^)^  also  appears  to  be  marginally  nonadiabatic  on  the  basis  of  rate 

32 

comparisons  with  related  inner-sphere  processes.  Further  studies  of  the 

electron-transfer  kinetics  of  transition-metal  reactants  bound  to  metal  surfaces 

using  a  variety  of  organic  structural  units  incorporating  sulfur  as  a  "surface 

lead-in"  group  are  underway  in  our  laboratory.  j 

I  i 
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TA3U-:  I  Continued 


Footnotes  to  Table  I 


Equilibrium  constant  for  formation  of  adsorbed  reactant  at  mercury,  obtained 
using  chronocoulometry  for  sufficiently  small  adsorbate  surface  concentrations 
so  that  Henry's  Law  applies  (see  text). 


Unimolecular  rate  constant  for  reduction  of  surface-attached  Co  (NHjJjL  complex, 

obtained  in  the  text.  Values  in  parentheses  following  entries  for  gold  and  copper 

are  reactant  surface  concentrations  r  (in  units  of  10-^  mol  cm-^)  at  which  values 

of  k  were  obtained, 
et 

C 

Transfer  coefficient  for  surface-attached  reactant,  obtained  from 

a  =  -(RT/F)(3 Ink  ,/3E)_. 
et  et  F 

^Unimolecular  frequency  factor,  obtained  from  electrochemical  activation  parameters 
for  reduction  of  surface-attached  reactant  (see  text  and  ref.  25  for  details). 
Estimated  uncertainties^  in  A  t  are  ca  5-fold,  due  to  uncertainties  in  estimation  of 
entropic  driving  force.'—’ 


£ 

Apparent  rate  constant  for  overall  electrochemical  reaction,  using  normal  pulse 
polarography  with  bulk  reactant  concentration  equal  to  0.8  mM. 


Apparent  transfer  coefficient,  from  a  =  (-RT/F)(dlnk  /dE) . 

app  app 

8 Uniziolecular  rate  constant  for  surface-at tached  reactant,  estimated  from  values 
of  k  and  K  using  Eq.  (1).  (Values  of  1C  employed  for  this  purpose  are  formal 
valui^P obtair&d  at  appropriate  bulk  reactant  concentrations  by  using  chronocoulometry. 
In  some  cases,  these  differ  somewhat  from  listed  values  of  KH  which  refer  to  small 
adsorbate  coverages  where  Henry's  Law  applies.)  ^ 
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TABLE  II  Comparison  of  Rate  Parameters  for  Reduction  of  Selected  Co 

at  Mercury  Electrodes  at  0  mV  vs.  see  and  in  Homogeneous  Solution. 


(NH^jL  Complexes 


Ligand  L 


et 


sec 


,  /.Ac 
k  /k  _ 
et  et 


k  /kAc 
app  app 


v  /,Ac 
k_  /k„ 
Ru  Ru 
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M  sec 


,  i,  Ac* 
kCr/kCr 
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2.0 


CR,  ),  COO- 
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0.5 


0.05 


0.05 


0.04 


0.9 


0.4 


0.03 


0.018,  0.022® 


900  0.013  0.7 

230  0.035  1.9 

320  0.035  1.9 

160  0.011  0.6 

1.4  x  103  0.041  2.3 

850  0.013  0.7 

250  0.018  1.0 

110  0.019  1.1 

65  0.012  0.7 

550  0.019  1.1 


0.85h 


0.75h 


1.1 


h 


3.9 
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CH=CHC00 


Footnotes  to  Table  II 


Unimolecular  rate  constant  for  surface-attached  reactant  at  mercury  in  0.1  M 
NaC104  +  5  mM  HCIO4  (from  Table  I).  Value  given  in  parentheses  for  acetate 
complex  is  estimated  for  outer-sphere  pathway  as  described  in  the  text. 


Ratio  of  ket  for  given  complex  to  corresponding  estimated  value  for  L  =  CH-jCOO- 


"Ratio  of  apparent  rate  constant^or  given  cogiplex  (Ta^le  I)  to  that 

it  =  2  x  10  cm  sec 
app 


in  0.1  M  NaCIO,  +  5  mM  HC10, 


for  L  =  CH  COO 
3 


[  2+ 
Second-order  rate  constant  for  homogenous  reduction  of  given  complex  by  Ru(NH 

Except  where  noted,  electrolyte  was  0.05  M  sodium  trifluoroacetate  -  trif luoroacetic 

acid  mixture  containing  5-20  mM  acid.  (Rate  constants  were  acid-independent 

within  this  range.)  See  text  for  details. 


determined  in  0.5  M  LiCl  containing  0.013  M  H+;  from  ref.  6b. 

f  2+ 

Ratio  of  rate  constant  for  reduction  of  given  complex  by  Ru(NH  )  to  that  for 

L  =  CH3COO-.  J  6 

c-  2+ 

Rarie  of  rate  constant  for  reduction  of  given  complex  by  Cr  to  that  for 
L  =  CH^COO  under  similar  conditions.  Data  sources: 

hRef .  t>a  and  15  . 

def .  15 . 

del.  6b. 


f„  1 

i 


VI,  VII 

COO'Ro 

/ 

CHCOOH 


IX 


CH=CHCOO'Ro 
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Figure  Captions 

Fig.  1 

Structures  of  thiophene-  and  furan-  carboxylatopentaamminecobalt (III) 
complexes  studied  in  the  present  work.  Key:  Ro  * 

I,  n  =  0;  II,  n  -  1;  III,  n  =  2;  IV,  n  =  3;  VI,  n  =  0,  VII,  n  -  1. 

Fig.  2 

Cathodic  linear  sweep  voltaramograms  for  reduction  of  adsorbed  2- 

thiopheneacetatopentaamminecobalt(III)  [II,  Fig.  1].  Bulk  reactant 

concentration  =  60  mM;  initial  surface  concentration  =  3  x  10  ^ 

_2 

mol  cm  .  Current  density  (y-axis)  scale  shown  is  2  mA/v  where  v  is 
sweep  rate  in  V.  sec  *.  Key:  A,  5  V.  sec  B,  10  V  sec  \  C,  20  V . 
sec  D,  50  V.  sec  1;  E,  100  V.  sec  \ 


